1. Introduction {#sec1}
===============

The manufacturing of high temperature alloy components based on Ni-aluminides requires sophisticated joining techniques. Diffusion brazing, also called transient liquid phase joining (TLP) [@bib1], is one possible technique which already was applied successfully on Ni-based superalloys [@bib2], [@bib3]. Possible new brazing materials should show considerable lower melting points than the substrates and thus require the presence of melting point depressant elements like e.g. Ge, which forms eutectics with Ni and Al. A systematic development of new Ge-based filler materials requires good knowledge of the corresponding phase diagrams. Therefore we started a detailed investigation of the Al--Ge--Ni phase diagram. The phase equilibria in the Ni-poor part of the system were published recently [@bib4] while the current work presents the experimental results in the Ni-rich corner. A brief literature review of relevant binary phase equilibria is given below.

A critical assessment of the Al--Ni phase diagram was given in 1990 by Singleton et al. [@bib5]. In addition to the solid solutions (Al) and (Ni) they reported 5 intermetallic phases: Al~3~Ni, Al~3~Ni~2~, AlNi, Al~3~Ni~5~ and AlNi~3~, where Al~3~Ni~5~ is considered by Robertson and Wayman [@bib6] to be stable only at temperatures below ca. 700 °C. A further intermetallic compound, Al~4~Ni~3~, was found by Ellner et al. [@bib7]. AlNi shows a significant homogeneity range and melts congruently, whereas the other compounds are formed peritectically. New findings were summarised by Okamoto [@bib8], who reversed the peritectic formation reaction for AlNi~3~ to L + (Ni) = AlNi~3~, according to the results of Schramm [@bib9] who was later supported by several other authors [@bib10], [@bib11], [@bib12]. Recently Bitterlich et al. [@bib13] found a much higher solidus temperature for stoichiometric AlNi (1681 °C).

The system Ge--Ni is quite complex with many invariant reactions, intermediate high- and low temperature phases and also superstructure formation. A first assessment was given by Nash and Nash [@bib14], who showed a phase diagram mainly based on the works of Ruttewit and Masing [@bib15], Ellner et al. [@bib16] and Dayer and Feschotte [@bib17]. The five intermetallic phases GeNi~3~, γGeNi~3~, Ge~2~Ni~5~, Ge~3~Ni~5~ and GeNi are well established and reported by the mentioned authors [@bib15], [@bib16], [@bib17].

The only investigations of the low temperature region of Ge--Ni were done by Ellner et al., who found the two intermetallic low temperature phases GeNi~2~ and έ Ge~3~Ni~5~ [@bib16]. They also investigated the broad homogeneity range of the NiAs type phase Ge~3~Ni~5~ and found this area split into three sections: Ge~3~Ni~5~, Ge~12~Ni~19~ and Ge~2~Ni~3~, separated by two-phase fields. The phase Ge~12~Ni~19~ forms an own structure type, which is a superstructure of the NiAs type, while Ge~2~Ni~3~ was found to be of NiAs type, similar to Ge~3~Ni~5~. The authors presume a congruent formation of Ge~3~Ni~5~, whereas Ge~12~Ni~19~ and Ge~2~Ni~3~ are formed in peritectic reactions at 1050 and 990 °C, respectively. However, Ellner et al. stated in their paper that these reaction temperatures are only tentative, as they did not find hard experimental evidence. Nevertheless, their suggestions were implemented in the assessment of Nash [@bib14]. Later Larsson and Withers [@bib18] reinvestigated the area of the B8-superstructures by electron diffraction. They confirmed the existence of Ge~12~Ni~19~ and stated commensurate modulation in the area of Ge~3~Ni~5~ and no long range superstructure ordering in Ge~2~Ni~3~.

Liu et al. [@bib19] calculated the phase diagram of Ge--Ni by thermodynamic modelling according to Nash\'s assessment. Ma and Ardell [@bib20] recently presented new experimental results on the phase boundaries between the (Ni) solid solution and GeNi~3~, as well as on the compositional dependence of the ferromagnetic Curie temperature.

The ternary phase diagram Al--Ge--Ni has been investigated by Yanson et al. [@bib21], who determined an isothermal section through the whole system at 770 K. The authors found a complete solid solution of AlNi~3~ and GeNi~3~ and a ternary phase *Σ* with the nominal composition AlGeNi~4~. No further structural information was given for *Σ* and no other ternary compounds were reported. Ochiai et al. [@bib22] investigated the solid solution AlNi~3~--GeNi~3~ by XRD and metallography and confirmed a continuous solid solution at 1000 °C.

In our recent investigation of the Ni-poor part of the Al--Ge--Ni phase diagram [@bib4] we present two isothermal sections at 400 °C and 700 °C, which differ strongly from the section by Yanson et al. [@bib21]. Three new ternary phases were detected and designated as τ1 (oC24, CoGe~2~-type), τ2 (at approximately Al~67.5~Ge~18.0~Ni~14.5~) and τ3 (cF12, CaF~2~-type). Ternary phase reactions were studied in three vertical sections at 10, 20 and 35 at.% Ni. Eleven invariant phase reactions were derived in this part of the phase diagram and a reaction scheme and a liquidus projection were given.

A list of crystallographic data of binary and ternary phases relevant for this study is given in [Table 1](#tbl1){ref-type="table"}.

2. Experimental {#sec2}
===============

As starting materials for all prepared alloys served aluminium slug (Alfa Aesar, 99.999%), germanium pieces (Alfa Aesar. 99.999%) or germanium pieces (Advent, 99.9999%) and nickel foil (Advent, 99.99%). A total number of 47 samples were prepared in the system Al--Ge--Ni.

The calculated amounts of the elements were weighed with a semi-micro balance with an accuracy of at least 0.5 mg. The proper amounts of the elements were then mixed and melted in an arc-furnace (Johanna Otto GmbH, MAM1). For homogenisation the samples were turned around and melted three times in an inert argon atmosphere. To further protect the samples from oxidation a zirconium getter was used in the arc chamber.

The sample-pills were sealed in evacuated quartz glass ampoules. To prevent samples containing aluminium from reactions with the quartz glass, these samples were put in alumina crucibles before sealing. The sealed samples were annealed for at least one month and afterwards quenched in cold water to keep the adjusted equilibrium conditions.

For further investigations parts of the samples were embedded in phenolic hot mounting resin. The surfaces of the embedded samples were then ground with different SiC abrasive papers and finally polished with corundum powder. Quantitative analysis of phase compositions was done with a scanning electron microscope (Zeiss Supra 55 VP ESEM) in combination with energy dispersive X-ray spectroscopy (EDX). An acceleration voltage of 20 kV was applied.

To identify phase transformations and their temperature, differential thermal analysis (DTA) was performed on a Netzsch DSC 404 C Pegasus and a Setaram Setsys Evolution 2400 measurement system. The Pt/Pt10%Rh thermocouples were calibrated at the melting points of pure Al, Au and Ni. For each sample two heating and cooling circles in open alumina crucibles under a constant argon flow of 50 mL/min and a heating rate of 5 K/min were performed.

Phase identification was done by powder XRD using a Bruker D8 diffractometer (Discover Serie 2) in Bragg-Brentano pseudo-focussing geometry using Cu-Kα radiation and a silicon strip detector (Lynxeye). The measurements were done in a θ/2θ arrangement, with a variable slit aperture (12 mm illumination) for 1 h. Analysis of the obtained powder patterns was done by Rietveld refinement with the software program Topas.

The single crystal X-ray diffraction experiment was carried out at room temperature. Reflections were collected on a Nonius Kappa CCD diffractometer at a crystal-detector distance of 30 mm. In total 781 frames were measured with 2° rotation and 2 × 80 s exposure time per frame. The obtained reflections were indexed with a trigonal unit cell. Structure determination and refinement was done using the software SHELX-97 [@bib23].

3. Results and discussion {#sec3}
=========================

3.1. Isothermal sections at 550 °C and 700 °C {#sec3.1}
---------------------------------------------

The combined results of XRD and SEM measurements were used to construct isothermal sections at 550 °C and 700 °C. The detailed results for selected samples covering all relevant phase fields are given in [Table 2](#tbl2){ref-type="table"}.

The isothermal section at 550 °C is shown in [Fig. 1](#fig1){ref-type="fig"} together with experimental data points obtained by EDX. The solid solubility of (AlNi) extends to 61 at.% Ni in the ternary, which is slightly more than in the binary at this temperature. The content of Ge rises from about 3 at.% in the Ni-richer part to 8 at.% at 51 at.% Ni. GeNi shows a solubility of 2 at.% Al. As this phase is a line compound in the binary and the lattice parameter refinement shows hardly any deviation from the binary data, no additional solubility of Ni was assumed. Therefore the phase equilibria in the figure are drawn to 50 at.% Ni although the EDX data revealed a small deviation (51 at.% Ni) in the ternary.

Based on the EDX measurements we found that the two compounds with L1~2~ structure, AlNi~3~ and GeNi~3~, form a continuous solid solution, confirming previous results from Yanson et al. [@bib21] and Ochiai et al. [@bib22]. The two separate binary B8 phase fields Ge~3~Ni~5~ and Ge~2~Ni~3~ were found to form an extended common ternary phase field. None of the investigated samples in the area showed any sign for superstructure formation, so the binary superstructure Ge~12~Ni~19~ is presumably only present in a small region in the vicinity of the binary system. The solubility of Al in the B8 phase varies from about 13 at.% in the Ni-rich part to 4 at.% in the Ni-poor part of the phase.

In addition to the solubilities of the binary phases, two ternary phases, τ4 and τ5, were found. τ4 shows a narrow phase field between Al~18~Ge~22~Ni~60~ and Al~8~ Ge~34~Ni~58~ at 550 °C, which is confirmed by several tie-lines. The second ternary phase, τ5, appears in a relatively small area around AlGeNi~4~ which is the composition of the *Σ* phase proposed by Yanson et al. [@bib21].

The mentioned single phase fields are connected by six three phase fields. The fields {(AlNi), τ4, (Ge~3~Ni~5~)}, {(GeNi), τ4, (Ge~3~Ni~5~)} and {(AlNi), GeNi, τ4} are all confirmed by XRD and EDX data of at least one sample. Two samples were placed in the three phase fields {(Al,Ge)Ni~3~, τ5, (Ge~3~Ni~5~)} and {(AlNi), τ5, (Ge~3~Ni~5~)}, but due to extreme fine microstructures, accurate EDX measurements were not possible. The phase field {(AlNi), (Al,Ge)Ni~3~, τ5} is assumed according to the observed two-phase equilibria, but is not confirmed by experiments as no samples were situated in the corresponding region.

The isothermal section of the Ni-rich part of the system Al--Ge--Ni at 700 °C is shown in [Fig. 2](#fig2){ref-type="fig"}. (AlNi) shows an extended solid solubility of about 8 at.% Ge. On the contrary GeNi shows only a very limited solid solubility of Al. The maximum value measured by EDX was 2 at.% Al. The formation of a complete solid solution of the L1~2~ phases AlNi~3~ and GeNi~3~ was also confirmed for 700 °C.

Due to the toughness of the very Ni-rich samples, it was not possible to produce adequate powders for XRD investigations, so only EDX measurements were applied for phase identification. The resulting tie-lines are shown in the isothermal section. The phase boundary of Ni shows an asymmetric progression with the maximum solubility at the Al-rich side. The solid solution (Al,Ge)Ni~3~ shows the biggest extension into the Ni-rich part of the system at around 12 at.% Ge. It is not clear if the rather unusual course of the tie-lines really represents the equilibrium at 700 °C or if the samples were not efficiently equilibrated during annealing.

The Ge~3~Ni~5~ phase field has a solid solubility of about 20 at.% Al at the Ni-rich side and 6 at.% Al at the Ni-poor side. The latter was confirmed by one sample that also contains traces of τ4, but the related tie-line was not drawn in the figure because an accurate measurement of the phase composition of τ4 was not possible, due to a very fine microstructure.

In order to test for the extension of Ge~12~Ni~19~ in the ternary, a series of samples along a line at 61 at.% Ni was prepared and investigated by XRD. The first two samples (Al~2~Ge~37~Ni~61~; Al~4~Ge~35~Ni~61~) revealed the superstructure lines typical for Ge~12~Ni~19~ in the diffraction pattern. Starting with Al~6~Ge~33~Ni~61~ only the simple B8-type structure was observed. The ternary extension of the superstructure area is drawn accordingly in [Fig. 2](#fig2){ref-type="fig"}.

The lattice parameter variation of the ternary solid solution Ge~3~Ni~5~ at 65 at.% Ni is shown in [Fig. 3](#fig3){ref-type="fig"}. The lattice parameter *a* increases with increasing Al content, whereas the lattice parameter *c* decreases with increasing Al content. In contrast the cell volume shows no significant change with the composition, which is in good agreement with the nearly identical covalent radii of Al (121 pm) and Ge (120 pm) [@bib24]. The observed change of the *c*/*a* ratio is well in line with the general trend for B8-type phases reported by Ellner [@bib25], who found that the *c/a* ratio usually declines with declining valence electron concentration.

The ternary phase τ4 was also detected at 700 °C. The phase ranges from 23 to 33 at.% Ge and from 57 to 60 at.% Ni. The τ5-phase field was not found at 700 °C, but its range of existence is covered by the extended solid solution of Ge~3~Ni~5~ at this temperature.

Four three phase fields connect the mentioned single phase fields. The fields {(AlNi), (Ge~3~Ni~5~), τ4} and {(AlNi), GeNi, τ4} are confirmed by XRD and EDX data of at least one sample. The three phase field {GeNi, τ4; (Ge~3~Ni~5~)} was found by XRD measurements, but the related SEM image shows an extremely fine microstructure, so it was impossible to determine the composition by EDX. Therefore the phase field was drawn with dashed lines in the Figure. The field {(AlNi), (Al,Ge)Ni~3~, (Ge~3~Ni~5~)} was found by XRD and EDX measurements, but as the composition measurements of the phases (AlNi) and (Al,Ge)Ni~3~ in different samples revealed inconsistent results (inhomogeneities), the tie-triangle was drawn with dashed lines.

3.2. Crystal structure of the compound Al~y~Ge~9−y~Ni~13±x~ (τ4) {#sec3.2}
----------------------------------------------------------------

A sample with the nominal composition Al~15~Ge~26~Ni~59~ was prepared and annealed at 700 °C for 4 weeks in order to produce single crystals suitable for structure determination. Selected structure determination and refinement parameters, cell parameters, atomic positions and equivalent isotropic displacement parameters are presented in [Tables 3](#tbl3){ref-type="table"} and [4](#tbl4){ref-type="table"}. Detailed structural information on τ4 was deposited in Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, (fax: (49) 7247-808-666; e-mail: <crysdata@fiz.karlsruhe.de>) and can be obtained on quoting the depository number CSD 424658.

The compound Al~y~Ge~9−y~Ni~13±x~ was found to crystallize in the ternary Ga~3~Ge~6~Ni~13~-structure type (space group *P*3~1~21, Pearson symbol *hP*66), which was originally described by Bhargava and Schubert [@bib26]. This structure type can be treated as a vacancy- and replacement homeotype of the Ni~2~In type with doubled *a* and *b* axes and a tripled *c* axis. Structural features, coordination spheres and compositional variability of the isostructural phase Al~y~Si~9−y~Ni~13±x~ were discussed by Richter [@bib27] in detail.

The behaviour of the two phases is in fact very similar, even the slightly reduced occupation in two of the Ni positions, Ni7 and Ni8, can be found in both phases. One point that could not be addressed in [@bib27] concerns the occupation of the mixed Si/Al positions, as the scattering factors of the two elements are too similar to allow proper refinement. For the current phase Al~y~Ge~9−y~Ni~13±x~ this refinement was possible as can be seen in [Table 4](#tbl4){ref-type="table"}. The distribution of Al and Ge on the five different M positions is not completely even. Al is significantly enriched in one particular position, M1 (3b). This is the replacement position, i.e. the position that would be occupied by Ni in the general B8-type structure. One may speculate that a similar situation is also found in the Si compound.

3.3. The ternary compound at AlGeNi~4~ (τ5) {#sec3.3}
-------------------------------------------

Around the composition AlGeNi~4~ appears a ternary phase designated as τ5. This phase corresponds to *Σ* reported by Yanson et al. [@bib21] at 770 K. It is a low temperature phase, formed around 680 °C in a ternary peritectoid reaction, according to DTA results discussed in the next section.

The powder pattern of this phase was found in several samples listed in [Table 2](#tbl2){ref-type="table"}. The phase is found in a rather small composition range around AlGeNi~4~. The Al-rich composition limit is approximately 18 at.% Al at 550 °C, the Ge-rich composition limit could not be determined in detail because of the fine mixture formed with (Ge~3~Ni~5~).

It was not possible to extract a single crystal for structure determination from any of the samples, but the powder pattern of the compound was identified and refined by Rietveld refinement using a structure model based on Co~2~Si (*oP*12, *Pnma*). It was already pointed out by Franzen et al. [@bib28] that the Co~2~Si type may be regarded as an orthorhombic distortion of the Ni~2~In type (B8~2~), which is the completely filled variant of the NiAs type (B8). The B8 structure type was found to exist at the same composition at 700 °C as Ge~3~Ni~5~ solid solution (compare isothermal section), so it is understandable that this structure is formed at lower temperature. It should be pointed out that the same transition is also found in the closely related system Al--Ni--Si [@bib29], [@bib30]. In this system, however the transition from the B8 to the Co~2~Si type structure takes also place in the binary Ni--Si. The structure was refined from a sample with the composition Al~16.25~Ge~16.25~Ni~67.5~ which contained τ5 as major component together with small amounts of (Al,Ge)Ni~3~ and (Ge~3~Ni~5~). The refined lattice parameters are *a* = 5.0125(1), *b* = 3.8075(1) and *c* = 7.3375(2). The final R~wp~ was 1.88. Atomic coordinates and isotropic displacement parameters are given in [Table 5](#tbl5){ref-type="table"}. The refined powder pattern is shown in [Fig. 4](#fig4){ref-type="fig"}. More details on the crystal structure may be obtained from the FIZ Karlsruhe on quoting the CSD number 424659.

3.4. Ternary reactions and liquidus projection {#sec3.4}
----------------------------------------------

DTA experiments were combined with experimental results from the isothermal sections to construct vertical sections at 55, 60, 70, 75 and 85 at.% Ni. Furthermore, a vertical section at a constant Al:Ni ratio of 1:3 was determined, as this section is of particular interest for the development of possible Ge-based filler materials for diffusion brazing of AlNi~3~. This section also contains information from the Ni-poor side of the phase diagram published earlier [@bib4]. The obtained phase equilibria and experimental DTA data points are illustrated in the [Figs. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}.

For each measured sample, two heating and cooling curves were determined. It was observed, that ternary compounds which decomposed during the first heating circle, were not formed again during cooling, so the respective DTA effects did not occur in the second heating and cooling curve. Therefore a cooling rate of 5 K/min is too fast to allow the formation of the ternary phases in a solid state reaction. The other effects were successfully reproduced in the second DTA circle, so average values were taken for the graphical representation. Due to supercooling effects, the peak onsets of the cooling curves were not further used for evaluation of the phase relations, except for the liquidus values on cooling, which are also presented in the vertical sections.

It should be stated, that the evaluation and interpretation of DTA effects as shown in [Figs. 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"} was not always straight forward. This was due to sluggish reactions (especially for solid state equilibria) at low temperatures. The phase equilibria drawn in the figures are the best compromise to interpret the observed effects in all sections.

Based on the obtained experimental results, especially the DTA data, six ternary four phase equilibria are proposed. For consistency these are numbered consecutively to the eleven ternary reactions observed in the Ni-poor part of the system [@bib4]. The respective reactions are the peritectoid decompositions of τ4 and τ5 (P5, P4), the peritectic decomposition of ternary (Ge~3~Ni~5~) (P6) and one ternary transition reaction (U7). Reaction temperatures and estimated phase compositions are listed in [Table 6](#tbl6){ref-type="table"}. Two more reactions involving the high temperature phases Ge~2~Ni~5~ and γGeNi~3~ were not observed but are proposed in the Scheil diagram for the sake of consistency with the binary phase diagram.

The DTA data for the peritectoid decompositions of the ternary phases were only obtained in the first heating curves, and the observed thermal effects were rather sluggish. Hence, an accurate reaction temperature could not be determined and only an approximate value is given. For the decomposition of τ5 a reaction temperature of about 680 °C is suggested. It has to be considered, that in the isothermal section at 700 °C the ternary phase τ5 was not found, so the reaction has to take place below 700 °C. The decomposition of τ4 was found around 760 °C.

The ternary transition reaction U7 was found in a few samples at a value of 833 ± 15 °C. The ternary peritectic reaction P1 appears in several samples with 60 and 70 at.% Ni, although the reaction temperature differs slightly. An average value of 1215 ± 5 °C is estimated.

Two more reactions, here designated as PU and EU, were not confirmed by experimental results. However, the according reactions have to take place to build a complete reaction scheme consistent with the binary Ge--Ni phase diagram. PU does not occur in any vertical section. The involved binary reactions allow either a ternary peritectic reaction L + (Al,Ge)Ni~3~ + γGeNi~3~ = Ge~2~Ni~5~ or a ternary transition reaction L + γGeNi~3~ = (Al,Ge)Ni~3~ + Ge~2~Ni~5~ in a temperature range from 1082 to 1118 °C. Also EU is near the binary subsystem Ge--Ni and therefore was not detected in any sample. Either a ternary eutectic reaction L = (Al,Ge)Ni~3~ + (Ge~3~Ni~5~) + Ge~2~Ni~5~ or a ternary transition reaction L + (Al,Ge)Ni~3~ = (Ge~3~Ni~5~) + Ge~2~Ni~5~ fits in here. As the reaction was not found in any sample, the reaction temperature was estimated according to the involved binary reactions between 1045 and 1118 °C. Thereby it has to be considered, that the temperature of the reaction EU must be below the temperature of the reaction PU. Additional samples in this narrow region would be necessary to solve these questions.

A reaction scheme of the Ni-rich part of the Al--Ge--Ni phase diagram is given in [Fig. 7](#fig7){ref-type="fig"} in terms of a Scheil Diagram. The phase field {L + (AlNi) + GeNi}, coming from the ternary transition reaction U7, is drawn with an open end. This phase field links the current diagram to the Ni-poor part of the system, which was investigated previously [@bib4].

All observed liquidus points from DTA measurements and literature data of the binary subsystems served to obtain a liquidus surface projection of the Ni-rich part of the Al--Ge--Ni system, shown in [Fig. 8](#fig8){ref-type="fig"}. Big circles in the projection indicate the composition of the liquid in the ternary invariant reactions, whereas small circles mark the position in the binary invariant reactions. Empty circles correspond to the estimated ternary reactions. Solid lines correspond to the monovariant lines, whereat arrows point to lower temperatures. The isotherms between 900 and 1600 °C where drawn as dotted lines.

The liquidus surface reveals a very large primary crystallisation field of (AlNi), that reaches to 2 at.% Al at U7. In the Ni-rich part, a rather large primary crystallisation field of (Ni) dominates the projection. The solid solution (Al,Ge)Ni~3~ shows a primary crystallisation field that begins very narrow at the Al-rich side and widens with increasing Ge content. The primary crystallisation field of (Ge~3~Ni~5~) reaches to about 14 at.% Ge at the Ni-rich side and becomes smaller with decreasing Ni content.

Furthermore, there are the two very small primary crystallisation fields of γGeNi~3~ and Ge~2~Ni~5~, which were not confirmed experimentally. An enlarged schematic picture of the proposed situation is shown in the [Fig. 8](#fig8){ref-type="fig"}. The monovariant line L + Ge~12~Ni~19~ + Ge~3~Ni~5~ connecting the two peritectic reactions proposed by Ellner et al. [@bib16] is estimated. Note that this line forms a closed loop as Ge~3~Ni~5~ and Ge~3~Ni~2~ are both of the B8-type and form a common phase field in the ternary surrounding the superstructure compound Ge~12~Ni~19~.

4. Summary {#sec4}
==========

Together with the phase diagram in the Ni-poor part of the system reported earlier [@bib4], the current work presents a full description of phase equilibria in the system Al--Ge--Ni. Five ternary compounds were found and characterised and a total number of 17 ternary invariant reactions were identified. A reaction scheme and a liquidus projection were given.

Appendix A. Supplementary data {#appsec1}
==============================
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![Partial isothermal section at 550 °C. Black circles: phase compositions measured by EDX; dashed lines: assumed phase fields.](gr1){#fig1}

![Partial isothermal section at 700 °C. Black circles: phase compositions measured by EDX; dashed lines: assumed phase fields.](gr2){#fig2}

![Lattice parameter variation of ternary (Ge~3~Ni~5~) at 65 at.% Ni as a function of the Al content.](gr3){#fig3}

![Part of the powder XRD pattern of a sample with the composition Al~16.25~Ge~16.25~Ni~67.5~; black curve--measured, white curve--calculated. The calculated pattern of τ5 is shown dashed below.](gr4){#fig4}

![Vertical sections at 55, 60, 70, 75 and 85 at.% Ni; Δ liquidus on heating; ∇ liquidus on cooling; ○ invariant thermal effect; ● other thermal effect.](gr5){#fig5}

![Vertical section at constant Al:Ni ration of 1:3; Δ liquidus on heating; ∇ liquidus on cooling; ○ invariant thermal effect; ● other thermal effect.](gr6){#fig6}

![Partial Scheil diagram for the Ni-rich part of Al--Ge--Ni.](gr7){#fig7}

![Partial liquidus surface projection for the Ni-rich part of Al--Ge--Ni. Solid lines: monovariant lines; dotted lines: isotherms; circles: composition of liquid in invariant reactions.](gr8){#fig8}

###### 

Crystal structure data of binary and ternary phases relevant for this study.

  Phase                       Pearson symbol   Space group     Structure type
  --------------------------- ---------------- --------------- ------------------
  AlNi                        *cP*2            *Pm*-3*m*       CsCl
  AlNi~3~                     *cP*4            *Pm*-3*m*       AuCu~3~
  Ni                          *cF*4            *Fm*-3*m*       Cu
  GeNi~3~                     *cP*4            *Pm*-3*m*       AuCu~3~
  γGeNi~3~                    /                /               /
  Ge~2~Ni~5~                  *hP*84           *P*6~3~/*mmc*   Pd~5~Sb~2~
  Ge~3~Ni~5~                  *hP*4            *P*6~3~/*mmc*   NiAs
  Ge~12~Ni~19~                *mC*62           *C*2            Ge~12~Ni~19~
  GeNi                        *oP*8            *Pnma*          MnP
  Al~y~Ge~9−y~Ni~13±x~ (τ4)   *hP*66           *P*3~1~21       Ga~3~Ge~6~Ni~13~
  AlGeNi~4~ (τ5)              *oP*12           *Pnma*          Co~2~Si

###### 

Experimental phase compositions and cell parameters of selected samples for the partial isothermal sections at 550 °C and 700 °C.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Sample Comp./at.%\        Annealing/°C                               XRD                                        EDX/at.%                                      
  ------------------------- ------------------------------------------ ------------------------------------------ ----------------------------- ------- ------- -------
  Al~35~Ge~5~Ni~60~         550                                        (AlNi)                                     *a* = 2.8747                  37.0    2.8     60.2

  ΑlGeNi~4~                 *a* = 5.0051, *b* = 3.8085, *c* = 7.3383   17.9                                       13.9                          68.2            

  Al~30~Ge~10~Ni~60~        550                                        (AlNi)                                     *a* = 2.8771                  39.5    3.2     57.3

  ΑlGeNi~4~                 *a* = 4.9987, *b* = 3.8270, *c* = 7.3325   \*                                                                                       

  (Ge~3~Ni~5~)              *a* = 3.9746, *c* = 4.9932                                                                                                          

  Al~25~Ge~15~Ni~60~        550                                        (AlNi)                                     *a* = 2.8824                  42.0    3.7     54.3

  (Ge~3~Ni~5~)              *a* = 3.9676, *c* = 4.9981                 12.9                                       22.1                          65.4            

  Al~15~Ge~25~Ni~60~        550                                        Al~y~Ge~9−y~Ni~13±x~                       *a* = 7.8780, *c* = 15.0073   16.2    23.8    60.0

  (Ge~3~Ni~5~)              *a* = 4.0828, *c* = 4.9981                 7.5                                        28.4                          64.0            

  Al~10~Ge~30~Ni~60~        550                                        Al~y~Ge~9−y~Ni~13±x~                       *a* = 7.8674, *c* = 15.0278   12.7    27.7    59.7

  (Ge~3~Ni~5~)              *a* = 3.9091, *c* = 5.0178                 4.5                                        32.6                          62.9            

  Al~5~Ge~35~Ni~60~         550                                        (Ge~3~Ni~5~)                               *a* = 3.8860, *c* = 5.0119    3.7     36.2    61.2

  Al~y~Ge~9−y~Ni~13±x~      *a* = 7.8496, *c* = 15.0365                10.1                                       31.0                          59.0            

  Al~20~Ge~10~Ni~70~        550                                        (Al,Ge)Ni~3~                               *a* = 3.5747                  19.6    7.5     72.9

                            ΑlGeNi~4~                                  *a* = 5.0108, *b* = 3.8041, *c* = 7.3711   17.8                          14.7    67.5    

  Al~15~Ge~15~Ni~70~        550                                        (Al,Ge)Ni~3~                               *a* = 3.5727                  14.5    11.4    75.2

                            ΑlGeNi~4~                                  *a* = 5.0173, *b* = 3.8146, *c* = 7.3387   14.8                          17.9    67.3    

  Al~10~Ge~20~Ni~70~        550                                        (Al,Ge)Ni~3~                               *a* = 3.5712                  8.9     16.4    74.7

  ΑlGeNi~4~                 *a* = 5.0273, *b* = 3.8284, *c* = 7.3208   \*                                                                                       

  (Ge~3~Ni~5~)              *a* = 3.9750, *c* = 5.0107                                                                                                          

  Al~5~Ge~25~Ni~70~         550                                        (Al,Ge)Ni~3~                               *a* = 3.5704                  4.5     20.3    75.2

  (Ge~3~Ni~5~)              *a* = 3.9763, *c* = 5.0330                 5.8                                        28.3                          65.9            

  Al~24~Ge~6~Ni~70~         550                                        (Al,Ge)Ni~3~                               *a* = 3.5751                  20.6    6.7     72.3

  (AlNi)                    *a* = 2.8682                               36.0                                       2.8                           61.3            

  Al~20~Ge~20~Ni~60~        550                                        (AlNi)                                     *a* = 2.8859                  43.4    3.8     52.8

  (Ge~3~Ni~5~)              *a* = 3.9519, *c* = 5.0045                 10.4                                       25.8                          63.8            

  Al~y~Ge~9-y~Ni~13±x~      *a* = 7.8861, *c* = 14.9842                17.9                                       22.0                          60.1            

  Al~5~Ge~40~Ni~55~         550                                        (Ge~3~Ni~5~)                               a = 3.8677, *c* = 4.9963      4.2     36.5    59.3

  Al~y~Ge~9−y~Ni~13±x~      *a* = 7.8043, *c* = 15.0145                8.0                                        33.9                          58.1            

  GeNi                      *a* = 5.3852, *b* = 3.4356, *c* = 5.8140   2.2                                        47.0                          50.9            

  Al~15~Ge~30~Ni~55~        550                                        Al~y~Ge~9−y~Ni~13±x~                       *a* = 7.8117, *c* = 14.9964   9.6     32.5    58.0

  GeNi                      *a* = 5.3952, *b* = 3.4324, *c* = 5.8133   1.6                                        47.0                          51.5            

  (AlNi)                    *a* = 2.8892                               40.7                                       8.1                           51.2            

  Al~25~Ge~20~Ni~55~        550                                        Al~y~Ge~9−y~Ni~13±x~                       *a* = 7.8519, *c* = 15.0133   13.0    28.5    58.5

  (AlNi)                    *a* = 2.8892                               43.0                                       6.0                           51.0            

  Al~2~Ge~45~Ni~53~         700                                        (Ge~3~Ni~5~)                               *a* = 3.8935, *c* = 4.9899    4.3     37.9    57.8

  GeNi                      *a* = 5.4848, *b* = 3.3565, *c* = 5.8481   1.2                                        47.8                          51.0            

  Al~5~Ge~40~Ni~55~         700                                        (Ge~3~Ni~5~)                               *a* = 3.8804, *c* = 5.0034    \*              

  GeNi                      *a* = 5.3823, *b* = 3.4411, *c* = 5.8170                                                                                            

  Al~y~Ge~9−y~Ni~13±x~      *a* = 7.8398, *c* = 15.0240                                                                                                         

  Al~12~Ge~35~Ni~53~        700                                        Al~y~Ge~9−y~Ni~13±x~                       *a* = 7.7405, *c* = 14.9731   11.6    33.8    54.6

  GeNi                      *a* = 5.3862, *b* = 3.4397, *c* = 5.8139   2.1                                        46.8                          51.1            

  (AlNi)                    *a* = 2.9475                               42.6                                       7.1                           50.3            

  Al~11.25~Ge~3.75~Ni~80~   700                                        (Al,Ge)Ni~3~                               \*                            10.68   10.84   78.48

  (Ni)                                                                 12.51                                      2.60                          84.89           

  Al~7.5~Ge~7.5~Ni~80~      700                                        (Al,Ge)Ni~3~                               \*                            7.36    13.38   79.27

  (Ni)                                                                 9.05                                       5.70                          85.25           

  Al~3.75~Ge~11.25~Ni~80~   700                                        (Al,Ge)Ni~3~                               \*                            3.21    18.58   78.22

  (Ni)                                                                 4.92                                       8.92                          86.16           

  Al~6~Ge~33~Ni~61~         700                                        (Ge~3~Ni~5~)                               *a* = 3.9007, *c* = 5.0150    6.0     32.2    61.8

  Al~y~Ge~9−y~Ni~13±x~      *a* = 7.8516, *c* = 15.0198                12.0                                       28.6                          59.4            

  Al~4~Ge~37~Ni~59~         700                                        (Ge~3~Ni~5~)                               *a* = 3.8759, *c* = 5.0013    \*              

  Al~y~Ge~9−y~Ni~13±x~      *a* = 7.7968, *c* = 14.9729                                                                                                         

  Al~8~Ge~33~Ni~59~         700                                        (Ge~3~Ni~5~)                               *a* = 3.8882, *c* = 5.0101    5.1     34.0    60.9

  Al~y~Ge~9−y~Ni~13±x~      *a* = 7.8463, *c* = 15.0286                10.2                                       30.6                          59.2            

  Al~12~Ge~29~Ni~59~        700                                        (Ge~3~Ni~5~)                               *a* = 3.9288, *c* = 5.0076    6.2     31.5    62.4

  Al~y~Ge~9−y~Ni~13±x~      *a* = 7.8612, *c* = 15.0229                12.7                                       27.7                          59.6            
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------

\*Not measured, see text.

###### 

Selected data collection and refinement parameters for Al~y~Ge~9−y~Ni~13±x~.

  ----------------------------------------------------------------------------------- -------------------------
  Empirical formula                                                                   Al~3.3~Ge~5.7~Ni~12.9~
  Crystal system, space group                                                         Trigonal, *P3*~*1*~*21*
  *Cell dimensions*                                                                   
  *a*/Å                                                                               7.871 (2)
  *b*/Å                                                                               15.018 (1)
  *V*/Å^3^                                                                            805.7 (1)
  ρ~calc~/g∙cm^−3^; μ(*MoKα*)/mm^−1^                                                  7.830; 38.09
  Z                                                                                   3
  Crystal size/mm^3^                                                                  0.04 × 0.03 × 0.07
  Detector-sample distance/mm                                                         30
  Scan time/s/°                                                                       80
  Total reflections                                                                   11,316
  Unique reflections (*n*); reflections with *F*~*o*~ \> *4σ*(*F*~*o*~)               1791; 2356
  *R*~int~ = *Σ \|F*~*o*~^*2*^ *−* *F*~*o*~^*2*^(mean)*\|/Σ F*~*o*~^*2*^              0.0771
  *R*1 = *Σ* (*\|\|F*~*o*~*\|* *−* *\|F*~*c*~*\|\|*)*/ Σ \|F*~*o*~*\|*                0.0288
  *w*R^2^ = \[*Σ w*(*F*~*o*~^*2*^ *−* *F*~*c*~^*2*^)^*2*^*/Σ wF*~*o*~^*4*^\]^*1/2*^   0.0646
  GooF = \[*Σ w*(*F*~*o*~^*2*^ − *F*~*c*~^*2*^)^*2*^*/*(*n* − *p*)\]^*1/2*^           0.969
  Extinction parameter                                                                0.0005(1)
  Max Δ/σ; number of variable parameters (*p*)                                        \<0.001; 109
  Final difference Fourier map/eÅ^−3^                                                 0.31
  ----------------------------------------------------------------------------------- -------------------------

###### 

Atomic coordinations and equivalent isotropic displacement parameters for Al~y~Ge~9−y~Ni~13±x~.

  Atomic position   Wyckoff letter   Occupation                x           y           z            U~eq~
  ----------------- ---------------- ------------------------- ----------- ----------- ------------ -----------
  M1                3b               0.18(1) Ge + 0.82(1) Al   0.4952(2)   0           5/6          0.0102(3)
  M2                6c               0.72(1) Ge + 0.28(1) Al   0.6181(1)   0.3089(2)   0.07803(3)   0.0116(1)
  M3                6c               0.46(1) Ge + 0.54(1) Al   0.3100(2)   0.1914(2)   0.92150(4)   0.0114(2)
  M4                6c               0.79(1) Ge + 0.21(1) Al   0.3352(1)   0.1682(1)   0.25053(3)   0.0123(1)
  M5                6c               0.77(1) Ge + 0.23(1) Al   0.3098(2)   0.1165(1)   0.5895(1)    0.0115(1)
  Ni1               3a               1                         0.0036(3)   0           1/3          0.0102(1)
  Ni2               3a               1                         0.4925(1)   0           1/3          0.0095(1)
  Ni3               3b               1                         0.0014(3)   0           5/6          0.0101(1)
  Ni4               6c               1                         0.5029(1)   0.9948(2)   0.9974(1)    0.0099(1)
  Ni5               6c               1                         0.4998(2)   0.0009(3)   0.1662(1)    0.0103(1)
  Ni6               6c               1                         0.3389(2)   0.1788(1)   0.4265(1)    0.0117(1)
  Ni7               6c               0.969(1)                  0.6791(1)   0.3412(2)   0.2453(1)    0.0131(1)
  Ni8               6c               0.984(2)                  0.3394(2)   0.1618(2)   0.7532(1)    0.0109(1)

###### 

Atomic coordinations and isotropic displacement parameters for AlGeNi~4~, obtained by Rietveld refinement.

  Atomic position   Wyckoff letter   Occupation   x           y     z           B
  ----------------- ---------------- ------------ ----------- ----- ----------- ---------
  Ni1               4c               1            0.0646(5)   1/4   0.7760(4)   1.28(4)
  Ni2               4c               1            0.1707(5)   1/4   0.4287(5)   1.28(4)
  Al/Ge             4c               0.5/0.5      0.6946(6)   1/4   0.3871(5)   2.62(9)

###### 

Ternary invariant phase reactions.

  Phase reaction                                            T/°C       Phase    Composition/at.%        
  --------------------------------------------------------- ---------- -------- ------------------ ---- ----
  P4: (AlNi) + (Al,Ge)Ni~3~ + (Ge~3~Ni~5~) = AlGeNi~4~      ∼680       (AlNi)   35                 5    60
  (Al,Ge)Ni~3~                                              21         5        74                      
  (Ge~3~Ni~5~)                                              19         15       66                      
  AlGeNi~4~                                                 20         12       68                      
  P5: (AlNi) + GeNi + (Ge~3~Ni~5~) = Al~y~Ge~9−y~Ni~13±x~   ∼760       (AlNi)   43                 7    50
  GeNi                                                      1          49       50                      
  (Ge~3~Ni~5~)                                              10         33       57                      
  Al~y~Ge~9−y~Ni~13±x~                                      12         32       56                      
  P6: L + (AlNi) + (Al,Ge)Ni~3~ = (Ge~3~Ni~5~)              1215 ± 5   L        14                 16   70
  (AlNi)                                                    34         10       56                      
  (Al,Ge)Ni~3~                                              21         5        74                      
  (Ge~3~Ni~5~)                                              20         12       68                      
  U7: L + (Ge~3~Ni~5~) = (AlNi) + GeNi                      833 ± 15   L        2                  55   43
  (Ge~3~Ni~5~)                                              8          35       57                      
  (AlNi)                                                    43         7        50                      
  GeNi                                                      1          49       50                      
